The cross section of neutrino-induced neutral-current coherent π 0 production on a carbondominated target is measured in the NOvA near detector. This measurement uses a narrow-band neutrino beam with the average neutrino energy of 2.7 GeV, which is of interest to the ongoing and future long-baseline neutrino oscillation experiments. The measured, flux-averaged cross section is σ = 14.0 ± 0.9 (stat.)±2.1 (syst.)×10 −40 cm 2 /nucleus, consistent with model prediction. This result is the most precise measurement of neutral-current coherent π 0 production in the few-GeV neutrino energy region.
Neutrinos can interact coherently with target nuclei and produce outgoing pions via either neutral-current (NC) or charged-current (CC) interactions. In the case of an NC interaction, a π 0 is produced:
Coherent interactions are characterized by very small momentum transfer to the target nucleus with no exchange of quantum numbers, while the target nucleus remains in its ground state. The characteristic signal topology of NC coherent π 0 production is a single, forward-going π 0 , with no other hadrons in the final state.
There are two major motivations for measuring the NC coherent π 0 cross section. First, coherent π 0 production is a contribution to the background of long-baseline ν µ → ν e oscillation measurements. In some neutrino detectors, the photons from π 0 decay are reconstructed as electromagnetic showers which are often difficult to separate from the showers induced by electrons. An NC π 0 event can be misidentified as a ν e -CC signal event if the two photon showers are not spatially separated, or if one shower is undetected. Knowledge of coherent π 0 production provides a constraint on the size of this background. Second, coherent pion production provides insight into the weak hadronic current structure and a test of the Partially Conserved Axial Current (PCAC) hypothesis [1] . Models based upon PCAC relate the coherent pion production to the pion-nucleus elastic scattering cross section at the Q 2 = 0 limit and extrapolate to low but non-zero Q 2 values. Such models include the Rein-Sehgal (RS) model [2, 3] in the GENIE neutrino generator [4] used for this analysis. Further improvement of PCAC models was made by Berger et al. (BergerSehgal model) [5] and others [6] [7] [8] [9] [10] . The PCAC models are known to perform well in their intended multi-GeV energy ranges. Their performance in NC interactions at neutrino energy of a few GeV however remains to be established. There is another class of models, referred to as microscopic models, that do not rely on PCAC. These models are built using pion production amplitudes at the nucleon level [11] [12] [13] [14] [15] [16] and are expected to be more reliable than PCAC-based models at neutrino energies below 1 GeV.
The NC coherent π 0 cross section contributes roughly 1% of the inclusive neutrino interactions in the few-GeV neutrino energy region, much smaller than other π 0 production modes. This challenging situation requires extracting a small signal with large backgrounds. The backgrounds arise mainly from NC-induced baryon resonance (RES) interactions, and π 0 production from NC deep-inelastic scattering (DIS) interactions, where only a single π 0 is reconstructed. Diffractive (DFR) π 0 production, where neutrinos coherently scatter off free protons (hydrogen) and produce π 0 s, also contributes to the background. A recoil proton is often visible in DFR π 0 production, which helps in identifying this background.
The coherent process is best identified by a low value of the square of four-momentum transfer to the nucleus (|t| < ∼h 2 /R 2 , where R is the nuclear radius). However, in NC interactions t cannot be determined because the outgoing neutrino momentum cannot be measured. Alternatively, distinct characteristics of the coherent process can be used to separate coherent from background π 0 production. First, the coherent π 0 production has no other particles in the final state and little vertex activity while background processes often produce additional nucleons or pions and have larger energy depositions near the neutrino interaction vertex. Second, the π 0 s from coherent production are distinctly forward-going. A region with enhanced coherent signal in the 2D space of reconstructed π 0 energy and scattering angle can be defined. The coherent signal is measured as an excess of data events over the background prediction in this region.
There are relatively few existing NC coherent π 0 measurements. Early bubble chamber results suffer from large statistical uncertainties [17] [18] [19] [20] [21] . More recently, NO-MAD, MiniBooNE, SciBooNE and MINOS reported coherent π 0 measurements with higher statistics but with systematic-limited precision [22] [23] [24] [25] . In particular, the measurements in the few-GeV neutrino energy region, relevant for the next generation neutrino oscillation experiments, have large uncertainties. This paper reports a measurement of NC coherent π 0 cross section using the fine-grained sampling of neutrino interactions in a predominantly carbon tracking medium afforded by the NOvA Near Detector (ND) [26] exposed to the off-axis flux of the NuMI beam [27] at Fermilab. The flux-averaged cross section is defined as
where N data and N bkg are the number of selected data and simulation-predicted background events, ǫ is the efficiency of the coherent signal selection calculated from simulation, N target is the number of target nuclei in the detector fiducial volume, and φ is the integrated neutrino flux. The NOvA ND consists of 193 metric tons of a fully active tracking calorimeter constructed from polyvinyl chloride (PVC) cells filled with liquid scintillator. The liquid scintillator is 62% of the fiducial mass. The target nuclei for neutrino interactions are dominantly carbon (66.7% by mass), chlorine (16.1%) and hydrogen (10.8%), with small contributions from titanium, oxygen and other nuclei. Each cell is 3.9 cm wide, 6.6 cm deep and 3.9 m in length. Cells are arranged in planes alternating between horizontal and vertical orientations to provide three-dimensional reconstruction of neutrino interactions. The fully active volume of the detector is 12.8 m in length, consisting of 192 contiguous PVC planes with 96 cells each. Each plane is approximately 0.18 radiation lengths. Downstream of the fully active volume is a muon range stack with ten layers of 10 cm thick steel plates interleaved with pairs of one vertical and one horizontal scintillator plane to enhance muon containment. Scintillation light generated by charged particles passing through a cell is captured by a wavelength-shifting fiber connected to a Hamamatsu avalanche photodiode (APD) [28] at the end of the cell. The APD signals are continuously digitized, and those above a preset threshold are recorded with associated time and charge.
The NuMI neutrino beam is produced by colliding 120 GeV protons from the Main Injector accelerator on a 1.2 m-long graphite target. Charged hadrons produced in the target are focused by two magnetic horns downstream of the target to select positive mesons which then decay into neutrinos in a 675 m long decay pipe. This analysis uses data corresponding to 3.72×10 20 protons-on-target (POT). The neutrino beam is simulated by FLUKA [29] and the FLUGG [30] interface to GEANT4 [31] . External thin-target hadron production measurements are used to correct and constrain the neutrino flux via the PPFX package developed for the NuMI beam by the MINERvA collaboration [32] .
The NOvA ND is 1 km from the neutrino source, 100 m underground, and on average 14.6 mrad away from the central axis of the neutrino beam. The neutrino flux seen in the NOvA ND is a narrow band beam peaked at 1.9 GeV, with 68% of the flux between 1.1 and 2.8 GeV, and a mean of 2.7 GeV due to the high-energy tail. The neutrino beam in the 0 to 120 GeV energy region is predominantly ν µ (91%), with a small contamination from ν e (1%) and anti-neutrinos (8%). In this measurement, the effect of anti-neutrinos in the flux is accounted for using simulation to give solely a neutrino-induced result. The predicted integrated neutrino flux from 0 to 120 GeV in the detector volume used in this analysis is φ ν = 123.2 ± 11.6/ cm 2 /10 10 POT. Neutrino interactions in the detector are simulated by the GENIE 2.10.4 neutrino event generator [4] . The Rein-Sehgal PCAC-based model is used to simulate the coherent process. To simulate NC RES and DIS events, the two major background contributions, the Rein-Sehgal model for baryon-resonance production [33] and the Bodek-Yang model [34] are used. The DFR events are modeled based upon the work of Rein [35] . The nuclear model is the Bodek-Richie relativistic Fermi gas (RFG) model with short-range nucleon-nucleon correlations [36, 37] . Final-state interactions of hadrons inside the nucleus are simulated in GENIE using an effective intranuclear cascade model [4] . GEANT4 [31] is used to simulate the detector's response to the final-state particles from neutrino interactions. The propagation of photons produced by the simulated energy depositions, the response of the APDs, and the digitization of the resulting waveform is accomplished with a custom simulation package. In both data and simulation, the recorded cell signals (hits) in the NOvA detector are first collected into groups by their space and time information. Each collection of hits is assumed to come from a single neutrino interaction. The intersection of the particle paths found in the collection using a Hough transform [38] are taken as seeds to find the interaction vertex. Hits are further clustered into "prongs" with defined start points and directions emanating from the vertex. Each prong contains hits attributed to one particle.
The events selected by this analysis are required to have exactly two reconstructed prongs contained in the fully active volume of the detector, both identified as electromagnetic(EM)-like showers by log-likelihood functions based upon dE/dx information in both the longitudinal and transverse directions of the prongs [39, 40] . A Convolutional Neural Network (CVN) trained for NC/CC separation [41] is used to reject CC events. The energy of the prong is calculated as the sum of the calibrated energy deposited in each cell. The invariant mass is calculated from the momenta and opening angle of the reconstructed prongs assuming both are photons, as where E γ1 and E γ2 are the energies of the two prongs and θ γγ is the opening angle between them. The energy scales of data and simulated events are tuned independently so that the mass peaks match the π 0 mass (134.977 MeV/c 2 ) [42] . Only events with reconstructed π 0 mass between 85 and 185 MeV/c 2 are selected to reduce backgrounds. The momenta of the two reconstructed prongs are summed up to obtain the reconstructed momentum of the π 0 . As shown in Fig. 1 , the selected events are high-purity NC π 0 s (90%), including both coherent signal and background arising from NC RES and DIS, with small contributions from DFR π 0 production and other interactions. The background events may have extra energy, especially in the vertex region, but not enough to be reconstructed as prongs. To better control the background, the NC π 0 sample is further divided into two sub-samples using kinematic variables: the ratio of the calorimetric energy included in the reconstructed π 0 to the total energy in the event (E π 0 /E Tot ), and the energy in the vertex region defined as the first eight planes from the reconstructed interaction vertex (E Vtx ). The signal-enhanced sample is defined as events with most of their energy in the 2 photon prongs (E π 0 /E Tot > 0.9) and low vertex energy (E Vtx < 0.3 GeV) to include most of the coherent signal and reduce background. The rest of the events are defined as a control sample, dominated by π 0 s produced by RES and DIS interactions. The signal and control sample selection is shown in Fig. 2 .
The control sample data are used to constrain the background prediction. The simulated distributions of RES and DIS events in the π 0 energy and angle (cos θ with respect to the average beam direction) 2D space are used as templates and scaled to fit the control sample data. RES and DIS have distinct π 0 energy and angle distributions, and together they account for approximately 90% of the total background. The fitting parameters are the normalization factors of the templates. The other background components are kept fixed in the fit. The fit results in an increase of the selected RES background by 17.6±6.4% and a decrease in the DIS background by 43.1±14.5%. The two fitting parameters are strongly anti-correlated. The fit result is applied as a renormalization to the background in the signal sample. It also provides a constraint on the systematic sources affecting backgrounds, which will be discussed later. The energy and angle of the π 0 s in the control sample and the signal sample with the re-normalized backgrounds are shown in Figs. 3 and 4 . There are noticeable discrepancies between the signal sample data and simulation, especially in the π 0 angular distribution (Fig. 4,  right) . The θ π 0 spectrum in the data favors production at angles closer to the beam direction than does the simulation, suggesting that the PCAC characterization of Q 2 = 0 in Rein-Sehgal model needs refinement. Similar discrepancies in pion angular distributions have been reported by the MINERvA experiment in recent measurements of charged-current coherent pion production [43, 44] . Further study of systematic uncertainties is ongoing to quantitatively address the discrepancies.
A coherent region in the 2D π 0 energy and angle space is defined as those bins with > 15% predicted coherent π 0 signal purity (Fig. 5, left) . The selection is intentionally set loosely to reduce potential systematic uncertainties caused by the discrepancies in the π 0 kinematic distributions mentioned previously. The invariant mass of the signal sample events are shown in Fig. 5 , right. The signal selection efficiency is 4.1% according to simulation. The normalized background in this coherent region is subtracted from data to obtain the number of measured signal events. The number of simulated signal events is then normalized to the number extracted from the data. The calculation is iterated until the resulting changes in the estimated signal and background populations become negligible. The outcome of this procedure is the coherent signal content, estimated to be 987 ± 67 (stat.) events.
The systematic uncertainties for this analysis arise from the calorimetric energy scale, background modeling, coherent signal modeling, detector response to photon showers, detector simulation, particles entering the detector from external sources, and the simulation of neutrino flux. Data-driven methods are used wherever possible to establish the uncertainties.
The calorimetric energy scale is constrained to within 1% by the π 0 invariant mass distributions of simulation and data which corresponds to a 3.4% uncertainty on the cross-section measurement. The background-related uncertainty is constrained by the control sample data through the template fit method. The variations that can arise with the template fit to background are estimated by varying the background-modeling parameters within their ±1σ ranges as assigned by GENIE and then repeating the template fit. GENIE does not provide a means to reweight the DFR background. The DFR nomalization is varied by ±75% based on the measurement by the MINERvA experiment [45, 46] . The uncertainty from each background-modeling parameter is defined as the maximum change in the measured signal events. The uncertainty in the coherent signal modeling results in an uncertainty of the efficiency correction. This effect is evaluated by varying the modeling parameters in the Rein-Sehgal Neutrino Energy (GeV) 10 20 30 /Nucleus) Gargamelle [18] CHARM [20] SKAT [21] NOMAD [24] MINOS [25] Neutrino Energy (GeV) model: axial mass (M A , ±50%) and nuclear radius (R 0 , ±20%) [2] [3] [4] . To check the effect of the discrepancies in π 0 kinematic distributions on the total cross-section measurement, a test is performed by reweighting the simulated signal to data and comparing to the result obtained before reweighting. A 1% difference is found, which is negligible compared to the signal modeling uncertainty assigned. Bremsstrahlung showers induced by energetic muons from external sources provide a data-driven constraint on the simulation of detector response to photon showers. Those bremsstrahlung showers are identified and the muons are removed to create a single photon control sample in data and simulation [47] . The sample is subject to the same selection cuts as the π 0 photons and the uncertainty is evaluated as the 1% difference between data and simulation in selection efficiency. Lastly, the neutrino flux uncertainty comes from beam focusing and hadron production with external thin-target hadron production data constraints applied [32] . The systematic sources and uncertainties are summarized in Table  I . The dominant sources are background modeling and flux uncertainties. The total systematic uncertainty is estimated to be about 15%.
The flux-averaged cross section of NC coherent π 0 production in this measurement is calculated using equation (2) . The measured cross section is σ = 14.0 ± 0.9(stat.) ± 2.1(syst.)×10 −40 cm 2 /nucleus at the average neutrino energy of 2.7 GeV. The effective atomic number A = 13.8 is calculated as
where A i is the atomic number of each chemical element (excluding hydrogen) and ni nT ot is its fraction to the total number of nuclei in the fiducial volume. The factor A 2/3 i is an approximate cross-section scaling between different nuclei in accordance with the Berger-Sehgal model [5] . Figure 6 and Table II show this measurement together with other measurements and the GENIE prediction. All measurements in Figure 6 are scaled to a carbon target by a scale factor of (A/12) 2/3 for the purpose of comparison. The flux-averaged NC coherent π 0 cross section of this work is in agreement with the cross-section prediction of the Rein-Sehgal model (GENIE implementation), although some discrepancies in the π 0 kinematic distributions are observed. This result is the most precise measurement of NC coherent π 0 production in the fewGeV neutrino energy region, and the first such measurement on carbon-dominated target in this energy range. It benefits both current and future long-baseline neutrino oscillation experiments in background prediction with reduced uncertainty.
